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Abstract 
In human DNA, there are loci that are prone to DNA breaks, stalled replication fork 
progression, and single-strand gaps when placed under replication stress. These loci are known 
as fragile sites and are common areas for copy number variations (CNVs). CNVs are 
duplications or deletions of large genomic regions and they have been linked to genetic diseases 
including tumor development and autism. Using a yeast chromosome modified to contain 
FRA3B human fragile site DNA, we investigated duplications and deletions of a reporter cassette 
at three locations that differ by their proximity to an AT-rich area of the fragile site, a sequence 
that can stall replication. Fluctuation analysis was used to compare the reporter cassette 
duplications and deletions. Our data show that CNV frequency is affected by which side of the 
AT-rich area the reporter cassette is integrated. The location located telomeric to the AT-rich 
area (Site C) exhibited the most duplications at an average rate of 5.533xl 0·2 duplications/cell 
division, while the location between the origin and AT-rich area (Site B) exhibited the most 
deletions at an average rate of l .265x I 0-2 deletions/cell division. Additionally, deletions were 
observed far more frequently than duplications. These results suggest that the mechanisms for 
duplications and deletions may be different rather than the same, as previously thought. Future 
studies are suggested in order to improve our knowledge about the nature of CNV events and the 
impact of CNV s on the development of linked diseases. 
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Introduction 
The Importance of DNA Stability 
DNA replication is a vital process for normal cellular activity, specifically in cell 
division. During replication, damage to DNA can occur, including double-stranded breaks 
(DSB). DNA damage is often repaired through mechanisms such as homologous recombination, 
however not all damage is detected. These mistakes can go unnoticed or may be repaired 
incorrectly and in some situations cause no change to the organism; however, others can result in 
adverse impacts, causing DNA translocation, amplification, or deletion (Chung et al., 2010). 
Amplification or deletion of regions between 1 kb and l Mb in size are known as copy number 
variations (CNVs). Among the consequences of CNVs are psychiatric disorders and genetic 
diseases including heart defects and tumor development. For example, a CNV amplification in 
the IGHG3 gene contributes to the development of prostate cancer (Ledet et al., 20 12) and a 
CNV deletion in the MTUSJ gene contributes to the development of breast cancer (Frank et al., 
2007). It is unknown exactly how CNVs arise, creating an opportunity for research in 
understanding their role in human diseases. Current knowledge views replication stalling as a 
common mechanism risk as it results in structural chromosome instability (Wilson et al., 2015). 
Common Fragile Sites (CFSs) & Copy Number Variations (CNVs) 
In human DNA, there are loci that are prone to DNA breaks, stalled replication fork 
progression, polymerase template switching, and single-strand gaps when placed under 
replication stress (Le Tallec et al. 20 14). These loci are known as fragile sites and are common 
spots for CNVs, translocations, and amplifications (Chen et al., 2015), as shown in Figure 1. 
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Figure 1. Copy Number Variations (CNVs). A duplication or deletion in DNA is known as a copy number variation . The center image shows a nonnal chromosome. A duplication or deletion of the "B" gene greatly impacts the chromosome. 
Fragile sites are classified as rare or common based on the manner in which they are induced to 
break and by their frequency within a population (Zlotorynski et al., 2003) . Rare fragile sites are 
present in less than 5% of the human population and result from mutation (Debacker and Kooy, 
2007), while common fragile sites (CFSs) are present in all individuals and are a nonnal part of 
the chromosome (Zlotorynski et al ., 2003). CFSs tend to be relatively large, at several hundred 
kilobases in length (Lemoine et al ., 2005), while rare fragile sites tend to be smaller at several 
hundred tri- or di-nucleotide repeats in length (Zlotorynski et al., 2003). 
CNV s are distinct fonns of structural chromosome instability hypothesized to be caused by 
replication inhibition. However, it is not known exactly why CNVs arise. CNVs and CFSs have 
been found to occur at the same human loci and often correspond to the largest active 
transcription units of larger than l Mb in size, which show delayed replication in metaphase 
chromosomes and appear to drive specific genomic instability under replication stress (Wilson et 
al ., 2015) .  This indicates that active large transcription units are highly involved in specific 
genomic instability under replication stress that result in CNVs and CFSs. However, the role of 
. . transcription and the role of the sequence in stimulating genomic instability that results in CNVs 
3 
can be separated as the fragile site region in the Y AC is not being transcribed, demonstrating that 
each play an individual role in CNV formation at these common loci. Further research to 
understand the mechanisms of how CNV s arise and why or how sequences within CFSs are 
prone to CNVs is needed to better understand their role in the pathogenesis of human diseases 
and how they can be prevented. 
Yeast Artificial Chromosomes (YACs) 
Yeast artificial chromosomes (Y ACs) are genetically engineered chromosomes 
containing DNA derived from yeast and DNA from other organisms, which would not be found 
together naturally. In this study, the Y AC used contains human fragile site DNA of FRA3B. 
FRA3B-defined as fragile site, aphidicolin type, common, fra(3), (pl4.2) B (Le Beau et al., 
1998)-is the most frequently broken common fragile site observed in human lymphocytes when 
DNA replication is disrupted due to aphidicolin or folate stress (Le Beau et al., 1998). It has been 
discovered that replication ofFRA3B occurs late during S phase of in cell division and that 
under aphidicolin treatment, FRA3B replication is delayed, causing instability in the FRA3B 
fragile site (Le Beau et al., 1998). FRA3B is often a site of homozygous deletions in cancer, as it 
contains the FHIT (fragile histidine triad; Weiske et al., 2007) tumor suppressor gene. Under 
replication stress, FRA3B instability can result in inactivation of FHIT, leading to tumor growth 
(Arlt et al., 2001). 
The Y AC also contains a Cu/FA reporter cassette-more specifically, a CUP 1-SFAJ­
HPH gene dosage sensitive reporter cassette-inserted at the locations where the observed 
clustering of breaks was found in previous research (Fitzsimmons, 2013). While some copper is 
required for yeast growth (Zhang et al., 2013), high concentrations of copper are toxic to yeast. 
4 
The CUP I gene, or copper resistance-associated metallothionein (MT) gene, encodes a protein 
that binds to copper and helps increase cell resistance to copper in the media. The SFAJ gene, or 
S-(hydroxymethyl)glutathione dehydrogenase gene, encodes an enzyme that aids in 
formaldehyde detoxification and increases cell tolerance to formaldehyde in the media. The HPH 
gene, or hygromycin-B phosphotransferase gene, encodes an enzyme that aids in the 
detoxification of the drug hygromycin (Goldstein and McCusker, 1999) and increases cell 
resistance to hygromycin. The more copies of the CUP] and SFAJ genes the cell has, the higher 
its tolerance to copper and formaldehyde, while the HPH gene is not copy dependent. This 
reporter cassette allows for the observation of CNV formation, as more copies of the reporter 
cassette genes indicates amplification of the genes, while fewer copies of the reporter cassette 
genes indicates a deletion of the genes, both of which are CNVs. 
URA3 and TRP I marker genes in the Y AC allow for tracking of any chromosome arm 
deletions that may occur. The TRP I genetic marker is on the left arm of the Y AC and encodes an 
enzyme involved in the biosynthesis pathway for tryptophan while the URA3 genetic marker is 
on the right arm and codes for an enzyme involved in the biosynthesis of uracil. With these 
genes, yeast strains can grow on selective media lacking tryptophan and uracil, respectively, 
whereas without these genes, these auxotrophic yeast strains would require media containing 
tryptophan and uracil in order to grow (Albertsen et al., 1990). A few of the analyzed strains 
contain a NAT gene, or Nourseothricin N-acetyl transferase, in place of the URA3 gene, though 
they serve the same purpose of serving as a selective gene marker. These markers are useful in 
identifying broken Y ACs that have lost one arm or the other. Figure 2 shows the general 
structure of the YAC. 
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Figure 2. General Strncture of YAC. Yeast chromosome containing FRA3B fragile site insert, 
TRPJ and URA3 marker genes, and reporter cassette containing the CUPJ. SFAJ. and HPH genes. Some of the strains have a NAT gene in place of the URA3 gene . 
Saccharomyces cerevisiae, A Model Organism for Fragile Site Research 
The model organism Saccharomyces cerevisiae, more commonly known as Baker's 
yeast, is used for this research. Baker's yeast serves as a model organism as it is inexpensive, 
replicates and grows quickly, and has orthologous DNA repair pathways as humans (Modesti 
and Kanaar, 2 001 ) .  This organism is a successful model for researching fragile sites and DNA 
repair pathways (Lemoine et al ., 2 005; Casper et al., 2 012; Zhang et al., 2 013). In these past 
studies, using Saccharomyces cerevisiae has allowed researchers to discover that reduced levels 
of DNA polymerase alpha (PO La) results in a greater frequency of breaks at fragile sites 
(Lemoine et al., 2 005) . Fragile sites in this yeast share similarities to those found in human DNA, 
as they are stable under normal conditions but under replication stress are prone to breaks 
(Lemoine et al ., 2 005). This model organism has also been used in research determining that 
fragile site breaks contribute to loss ofheterozygosity (LOH), which is an important aspect of 
cancer development (Casper et al., 2 012). CNV events have been studied in yeast using a 
reporter cassette containing the genes SF A I and CUP 1 to begin to understand their mechanics 
(Zhang et al ., 2 013 ) .  
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Research Focus 
Preliminary data mapping the location of breaks in yeast artificial chromosomes (Y ACs) 
that contain an insert from human fragile site FRA3B in cells with low levels of DNA 
polymerase alpha was obtained prior to this research. It was found that breaks in the fragile site 
are clustered, rather than randomly found in the inserts as shown in the FRA3B human insert in 
Figure 3 (Fitzsimmons, 2013). This research focused only on breaks that resulted in complete 
loss of everything from the chromosome distal to the break site and did not study CNV s. 
Tclonu:re 
Origin Ccntromcrc Tclomcrc 
0 0 I 
Figure 3. Fragile Site Break Distribution in FRA3B Insert. The location of 30 breaks located in 
the FRA3B human insert are shown. Yellow ovals indicate the location of the break. Fragile site 
breaks appear to be primarily clustered rather than randomly distributed (Fitzsimmons, 2013). 
The purpose of this study is to determine whether CNVs form in a fragile site on a YAC 
and the rate of CNV formation under replication stress in fragile sites. We hypothesize that low 
levels of DNA polymerase alpha in yeast, a condition known to cause fragile sites to break 
(Lemoine et al., 2005), will result in CNV formation in fragile sites at the locations where 
previous researched showed clustered breaks. Additionally, we hypothesize that the rate of 
CNVs will be affected by proximity to A-T rich areas, as these are sequences known to cause 
replication fork stalling, and that replication stress will impact CNV rates in cells. Specifically, 
we predict that there will be a higher rate of CNV s closer to the A-T rich areas and that CNV s 
will form at higher rates in cells under replication stress. 
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To test these hypotheses, we will use fluctuation analysis to measure the rate of CNV 
formation in a fragile site in yeast cells in both normal growth conditions and in yeast cells under 
replication stress . Fluctuation analysis is a method used to calculate mutation rates that arise as a 
result of cellular processes that act upon or damage DNA and has been used in other studies 
focused on spontaneous mutation rates (Foster, 2006) . The frequency and rates of reporter 
cassette CNVs are found by exposing yeast strains to varying concentrations of copper (Cu) and 
formaldehyde (FA). The locations at which these CNVs are primarily happening in the FRA3B 
yeast strains are identified based on where the reporter cassette was inserted and the rate of CNV 
frequency found at these locations . The rates of duplications and deletions of the reporter 
cassette of each strain are calculated by fluctuation analysis using the online bz rates program 
(Hamon and Ycart, 2012). Results of this research are significant in understanding how and 
where CNVs form and give way for further research to understand the involvement of CNVs in 
human diseases . 
Materials and Methods 
Media Formulations 
Table 1 displays the types of media used in this research and the components of each 
media. 
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Table 1. Media Formulations. Components of each media used in this study and final 
concentrations are outlined. 
� ��/h1If'(1�_- :l�t�:tnfl�1�Jfffu£:, --- "[lffi w�� 
j_.., -,-1 c • • .t ,. ,- • • . "":"" • - • J _ _  L ,:.,, - "f� . ... � ... .Jo,,� ... ___ - ..... ____ ....... L�-4-1 l=- - __._ �-- - - � _ L _  
• 0.88 g Yeast nitrogen • 0.088% Yeast 
base without amino nitrogen base 
acids & without without ammonium 
1,000 ml Distilled 
ammonium sulfate sulfate 
Base Media • 2.5 g Ammonium • 0.25% Ammonium water 
sulfate sulfate 
• 15 g Raffinose • 1.5% Raffinose 
• 15 g Agar • 1.5% Agar 
• 1.7 g Yeast nitrogen • 0.17% Yeast 
base without amino nitrogen base 
acids & without without amino acids 
1,000 ml Distilled 
ammonium sulfate & without 
SR Base Media • 5 g Ammonium ammonium sulfate water 
sulfate • 0.5% Ammonium 
• 30 g Raffinose sulfate 
• 30 g Agar • 3.0% Raffinose 
• 3.0% Agar 
• 5 g Yeast extract • 1.0% Yeast extract 
YPR Liquid Media 500 ml Distilled • 10 g Peptone • 2.0% Peptone water • 15 g Raffinose • 1.5% Raffinose 
High Galactose 50 ml YPR liquid • 125 µI 20% Galactose • 0.05% Galactose 
Medium Galactose 50 ml YPR liquid • 3 7 .5 µl 20% Galactose • 0.0 15% Galactose 
Low Galactose 50 ml YPR liquid • 12.5 µl 20% Galactose • 0.005% Galactose 
Copper Working l 00 ml Distilled • 2.5 g CuSO4 • 100 µ M  CuSO4 
Solution water 
Formaldehyde • 125 µ 1 37% ( 12.3M) • 2.46 M 
Working Solution 
500 µI Distilled water Formaldehyde Formaldehyde 
solution solution 
• 10 g Yeast extract • 1.0% Yeast extract 
YPR+HG Plates 1,000 ml Distilled • 20 g Peptone • 2.0% Peptone 
water • 3 0 g Raffinose • 3. 0% Raffinose 
• 30 g Agar • 3.0% Agar 
• 10 g Yeast extract • 1.0% Yeast extract 
• 20 g Peptone • 2.0% Peptone 
YPR+HG+Nat Plates 1,000 ml Distilled • 30 g Raffinose • 3.0% Raffinose 
water • 30 g Agar • 3.0% Agar 
• 0. 1 g Nourseothricin • 0.01 % 
Nourseothricin 
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• 0.8 5 g Complete • 0.17% Complete amino acids mix amino acids mix • 1 .25 ml 20% • 0.025% Galactose Low Cu/FA Plates 500 ml Base media Galactose • 100 µM Copper • 500 µl Copper • 1.2 mM working solution Formaldehyde • 240 µl Formaldehyde working solution • 0.8 5 g Complete • 0.1 7% Complete amino acids mix amino acids mix • l .25 ml 20% • 0.025% Galactose High Cu/FA Plates 500 ml Base media Galactose • 225 µM Copper • 1,125 µl Copper • 3.0mM working solution Formaldehyde • 600 µl Formaldehyde working solution 1,000 ml SR base • 1.4 g Amino acid • 0.1 4% Amino acid SR+HG-Trp Plates media -Trp drop-out mix -Trp drop-out mix • 2.5 ml 20% Galactose • 0.05% Galactose 1 ,000 ml SR base • 1 . 4  g Amino acid • 0.14% Amino acid SR+HG-Ura Plates media -Ura drop-out mix -Ura drop-out mix • 2.5 ml 20% Galactose • 0.05% Galactose • 1 .4 g Complete amino • 0.14% Complete acids mix amino acids mix 500 ml SR base • 2.5 ml 20% Galactose • 0.05% Galactose SR+HG+Low Cu/FA media • 500 µl Copper • 100 µM Copper working solution • 1.2mM • 240 µl Formaldehyde Formaldehyde working solution • 1.4 g Complete amino • 0.14% Complete acids mix amino acids mix 500 ml SR base • 2.5 ml 20% Galactose • 0.05% Galactose SR+HG+High Cu/FA media • 1 ,125 µl Copper • 225 µM Copper working solution • 3.0mM • 600 µl Formaldehyde Formaldehyde working solution 
Prior to my research , modifications to the yeast strains were made to insert human DNA 
fragile site FRA3B as well as URA3 and TRP 1 genetic markers (Burke et al ., 1987 ;  Albertsen et 
al ., 1990) to form the studied YA Cs . The URA3 and TRP 1 markers are useful in identifying 
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broken Y ACs that have lost one arm or the other. Additiona11y, the Y AC-containing the FRA3B 
human fragile site was modified to insert a Cu/FA reporter cassette of 3,993 bp in length in the 
locations where the observed clustering of breaks was found in the preliminary data, specifically 
on human chromosome 3 from University of California Santa Cruz (UCSC) Genome build 38 
(Le Beau et al., 1998). This cassette contains three genes: CUP 1, SF Al, and HPH. 
Yeast strains in this study contain differing polymerase alpha genes to allow for 
comparisons between CNV formation in cells under stress and in ce11s not under stress. The level 
ofreplication stress in the cell is controlled by altering the amount of Pol lp  protein in the cell. 
Pol lp  is the catalytic subunit of the polymerase alpha (POLa) enzyme. In its native form, POLI 
is not sensitive to galactose and therefore not affected by the presence of galactose; by modifying 
it to GAL-POLI by fusing the galactose-regulating GALI promoter to the POLI gene that 
encodes the DNA polymerase a catalytic subunit (Lemoine et al., 2005), expression of the POLI 
gene becomes sensitive to the level of galactose in the media and can alter the manner in which 
the strain grows and replicates. In low galactose media, the GAL-POLI gene is expressed at 10% 
of the wild-type POLI gene level (a 90% reduction); in high galactose media, GAL-POLI gene 
expression is increased at a level approximately 3 times higher than that of the POLI gene 
expression level (Lemoine et al., 2005). In this study, low galactose levels, in which the GAL­
POLI gene will be expressed at a level similar to that of the wild-type POLI gene, and medium 
galactose levels, in which the GAL-POLI gene will be expressed at a level similar to that of the 
wild-type POLI gene. Previous studies discovered that reduced levels of polymerase alpha 
resulted in a larger number of chromosome trans locations and loss of yeast chromosome III 
(Lemoine et al., 2005). 
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Yeast Strains 
I I 
Multiple yeast strains were analyzed throughout this study. Table 2 outlines the 
characteristics of each strain. 
Table 2. Analyzed Yeast Strains. Descriptions of each yeast strain used in detennining copper 
and fonnaldehyde limits, detennining duplication/deletion rates, and of each yeast strain on the 
Y AC850a6 containing human fragile site FRA3B analyzed in the fluctuation analysis are 
presented. 
{f��-m:D_t_�_jl �-)i .. t!tri ·· 1.Ki)}; m-.:-rr. r�cJ1t .. --- - - - - _ _ ___ ..at---=-:.- _ J.  • - -  C ... --· 
0 
AMC370 Native POLJ 
Y744 GAL-POLI 
1 
AMC376 GAL-POLI 
Y849 Native POLI 
2 
Y884 GAL-POLJ 
Y901 Native POLJ 
' � 
(jt;.:__� '.l �- �- -------- - - --� ..... , ��d�-�-1 r� r -�-J.�"tr• �j�'LG . .. . 
AMC374 C Native POLI 
AMC376 C GAL-POLJ 
l <1.tJ..-1-1, 
CsLc:t:t � �ii:t 
A 
B 
C 
, ;:n.r,r�t:i, 1· • ;·  - l ,, .. 
. 
1 _ 
• j , , .r-ft11 1 ) ,liJ � , ,  r 1; i:r 1£11" I ,!,1_ o, 1-t.' 1_1.fft� ut.1.t.1J 
J <g __ HJJir�lJD� i}ll i _
_ _ _
_ l _ 
'· 
, _ _ _ _ • __ � _. _,. 
60,421 , 100 hp 
AMC477 Native POLI 
NAT in place of 
(Centromeric to URA3 
the A-T rich site) AMC496 GAL-POLI --
60,41 5,500 hp 
AMC488 Native POLJ 
NAT in place of 
(Between the A-T URA3 
rich site and 
origin) 
AMC51 3  GAL-POLJ --
60,408,750 hp Y862 Native POLJ -
(Telomeric to the 
origin) 
Y884 GAL-POLJ --
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Determining Copper and Formaldehyde Limits 
Multiple strains, varying in the number of reporter cassettes they contained, were tested 
on plates varying in copper (Cu) and formaldehyde (FA) concentrations in order to determine the 
expected limits of colony growth based on the number of reporter cassettes. The more reporter 
cassettes that are present, the higher the tolerance to copper and formaldehyde the strain 
contains. Each strain was grown in YPR+high galactose liquid media for 24 hours. A 1 0  µ1 
culture of each strain diluted to an OD6ooof0.05 were plated onto YPR+HG plates, 
YPR+HG+copper plates ranging from concentrations of 75 µM to 250 µM, and formaldehyde 
plates ranging from concentrations of 1 .0 mM to 3.5 mM as shown in Table 3 and incubated at 
30 °C for two nights. 
Table 3. Copper and Formaldehyde Limit Plates. Plates ranging in copper and formaldehyde 
concentrations were used to determine the limits of copper and formaldehyde that strains 
containing 0, 1 ,  and 2 reporter cassettes can tolerate. 
@0. i t&rr,r,:r � , . ' d�)�0-J.� ·, : :1:,:t1m7 
I • • • ) J ij , I. �· . - - ·1•· . . .. _ __ ...... lI. ::.: _ _ -t.!.� _ _ __ u__ _ _ __ -.1 :� .. . __ . '"-�- _ _  ..'. . ... .. • 1 _ 1 
YPR+HG+75 µM copper YPR+HG+l .0 mM formaldehyde 
YPR+HG+IO0 µM copper YPR+HG+l .5 mM formaldehyde 
YPR+HG YPR+HG+I50 µM copper YPR+HG+2.0 mM formaldehyde 
YPR+HG+200 µM copper YPR+HG+2.5 mM formaldehyde 
YPR+HG+250 µM copper YPR+HG+3.0 mM formaldehyde 
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Determining Duplication/Deletion Rates 
The rates of duplications and deletions of the reporter cassette located in site C in strains 
under conditions of high and low polymerase alpha were determined. To do so, 10 single 
colonies of each strain were inoculated in 2 ml of YPR liquid medium with low galactose, which 
induces expression of the POLJ gene and decreases expression of the GAL-POLJ polymerase 
gene and were grown for 24 hours in a 3 0°C shaker. After incubation in low or high galactose 
media, each culture was diluted to an 0D600 of 0.05. From this dilution, 50 µl of each culture was 
mixed with 950 µl of YPR+HG liquid media ( 1  :20 dilution) and were then plated at density of 
100 µl per plate to form colonies on non-selective YPR+high galactose (HG) plates. After 
growing for 3 nights in a 3 0  °C incubator, plates with colonies were replica plated to 4 other 
types of media (Table 4) : SR+HG-Trp, SR+HG-Ura, SR+HG+l OO µM copper+l .2 mM 
formaldehyde (SR+Low Cu/FA) , and SR+HG+250 µM copper+3.6 mM formaldehyde 
(SR+High Cu/FA). This protocol is outlined in Figure 4. 
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Figure 4. Determining Duplication/Deletion Rates Protocol. Each strain was grown on a 
YPR+HG media plate and then inoculated into 2 ml ofYPR+low galactose media which induces 
expression of the POLI gene and decreases expression of the GAL-POLl polymerase gene. 
After growing for 24 hours in a 30 °C incubator, cultures were diluted to an 0D6oo of 0.05 and 
mixed into YPR+HG media to create a 1 :20 dilution. The cultures were plated onto YPR+HG 
plates and incubated at 30 °C overnight. Any plates with colonies were replicated to SR+HG­
Trp, SR+HG-Ura, SR+HG+low Cu/FA, and SR+HG+high Cu/FA plates. 
Table 4. Components of Experimental Duplication/Deletion Plates. Colonies from non-selective 
plates are replicated to these 4 types of plates to observe the Y AC modifications. 
SR base Amino acids added with the Determine whether left 
SR+HG-Trp 
media exception of Trp arm was lost 
SR base Amino acids added with the Determine whether right 
SR+HG-Ura 
media exception of Ura arm was lost 
SR base 100 µM Copper+ 1 .2 mM Determine if reporter 
SR+HG+Low Cu/FA 
media Formaldehyde cassette has been deleted 
SR base Determine if reporter 
SR+HG+High 
media 
250 µM Copper+3.6 mM 
cassette has been 
Cu/FA Formaldehyde 
duplicated 
YPR base 
YPR+HG 20% Galactose Viability control 
media 
1 5  
Reporter Cassette Location Analysis 
Upon detennining the rate of duplications and deletions of the reporter cassette under low 
and high PO La conditions, analyses of the Cu/FA gains and losses of the reporter cassette at two 
additional locations in the FRA38 fragile site of haploid strains were conducted . These locations 
differ in their proximity to an AT-rich area of the fragile site. Reporter cassette site A is found at 
60, 421, I 00 bp in the Y AC and is centromeric of the AT-rich site , site B is found at 60 ,415,500 
bp in the YAC and is in between the origin and AT-rich site , and site C is found at 60, 408,750 bp 
in the YAC and is telomeric of the origin , as shown in Figure 5. 
FRA3B Insert (-1  MB) 
Telomere 
Figure 5. Reporter Cassette Sites in YAC-Containing Chromosome. Reporter cassette site A is found at 60 ,421 ,100 bp in the Y AC, site B is found at 60 ,415, 500 bp in the Y AC , and site C is found at 60 ,408 ,750 bp in the YAC. 
Each location was observed in one strain containing the native POLJ gene and one strain 
containing the GAL-POLJ gene (Table 2) , allowing for comparisons between locations as well as 
POLa. gene types. 
Each strain was grown on a YPR+HG+Nat plate and incubated at 30 °C overnight. The 
colonies were resuspended in 3 ml ofYPR medium of medium galactose level (0.015 % 
galactose in 50 ml YPR liquid) . A 1 :  1 0  dilution was conducted and 12 samples of 10 µI per 
strain were grown in a 96-well plate for three nights . Additionally , this solution was diluted 16 
further to a 1 :  1 ,000 dilution, of which 1 00 µI of each strain was plated onto two YPR +HG plates 
per strain and grown for 3 nights in a 30°C incubator to calculate the number of cells in the 
beginning culture. The 12  samples from the 96-well plate were then each mixed with sterile 
water to create a I : I 00 dilution, of which I 00 µ1 was plated onto high Cu/FA plates. This 
solution was then diluted further to a total dilution of I :  I 0,000 of which 100 µI was plated onto 
YPR+HG and YPR+HG+Nat plates. Colonies on the YPR+HG+Nat plates were replica plated 
onto low Cu/FA plates as these plates aid in distinguishing between whether the CNV event is a 
Y AC arm loss or an internal deletion in the Y AC. Following the protocol using medium 
galactose conditions, the protocol was repeated using high galactose conditions to support that 
CNV formation was a result of the cell experiencing replication stress when grown under the 
medium galactose conditions. This fluctuation analysis protocol is visually outlined in Figure 6. 
1 : 1 .000 
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Figure 6. Fluctuation Analysis Protocol. Each strain was grown on a YPR+HG media plate and 
then resuspended in YPR +medium galactose liquid media A 1 00 µl sample of each strain was 
plated onto 2 YPR+HG plates per strain and 12  samples of 10  µl per strain were grown in a 96-
well plate for three nights. The samples were then plated onto high Cu/FA, YPR+HG, and 
YPR+HG+Nat plates. 
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The number of colonies exhibiting a deletion of the cassette, or lack of growth on the low Cu/FA 
plate, and the number of colonies exhibiting a duplication of the cassette, or growth on the high 
Cu/FA plate, in each observed strain were recorded. Components of these plates are outlined in 
Table 5. 
Table S. Components of Reporter Cassette Location Analysis Plates. Colonies of each strain were 
grown on each plate type and analyzed for CNVs. YPR medium consists of yeast extract, peptone, 
and raffinose. 
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YPR+HG YPR 20% Galactose Control 
20% Galactose+ 
Distinguishes between 
YPR+HG+NAT YPR Y AC arm loss and 
N ourseothricin 
internal deletions 
Low Cu/FA Base media 
100 µM Copper+ 1.2 mM Determine if reporter 
Formaldehyde cassette has been deleted 
250 µM Copper+3.6 mM 
Determine if reporter 
High Cu/FA Base media cassette has been 
Formaldehyde 
duplicated 
YPR+HG YPR 20% Galactose Viability control 
The YPR+HG plates are important in ensuring that diluted solutions contain cells with 
the potential to grow. The YPR+HG+Nat plates are important in ensuring that any missing 
colonies on the low Cu/Fa plates did not grow due to its loss of the reporter cassette rather than a 
factor outside of our study focus such as a loss of the total Y AC, as we are interested rather in 
internal deletions. Growth on the high Cu/FA plate indicates a possible duplication and lack of 
growth on the low Cu/FA plate indicates a possible deletion and a CNV, and a CNV. 
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Fluctuation Analysis 
From these data, the bz rates online program (Hamon and Ycart, 20 12) was used for 
fluctuation analysis calculations to determine the mutation rate of each strain. The number of 
doublings each strain underwent was calculated using the formula doublings = 
( 
# colonies in well at end ) . . . . . 3.32 log # 1 . . ll to ensure the strains were similar m their number of co omes m we at start 
reproductive cycles. The colonies in the well at the start were calculated by averaging the 
number of colonies grown on the YPR+HG plates at the start of the experiment while the 
colonies in the well at the end were calculated by averaging the number of colonies that grew on 
the YPR+HG+Nat plates. 
Results 
Copper and Formaldehyde Tolerances 
Determining the limits of colony growth based on the number of reporter cassettes 
present was important to ensure proper concentrations were used to screen for CNV s. The more 
reporter cassettes the strain contains, the higher its tolerance to copper and formaldehyde. Strains 
containing zero copies of the reporter cassette (AMC370) tolerated only the 75 µ M  copper and 
were unable to tolerate any of the tested formaldehyde concentrations ranging from 1.0 mM to 
3.5 mM. Strains containing one copy of the reporter cassette (AMC376) tolerated between 
75- 100 µ M  copper concentrations and 1.0 mM formaldehyde concentration, while strains with 
two copies of the reporter cassette (Y90 1) tolerated between 75-200 µ M  copper concentrations 
and 1.0 mM and 2.5 mM formaldehyde concentrations (Table 6). 
19  
Table 6. Cu/FA Experimental Limits. Strains differing in copies ofreporter cassettes were tested 
on varying copper and fonnaldehyde concentration plates to discover the expected limits of 
colony growth based on the number of reporter cassette copies. The + indicates growth of the 
strain on the plate and - indicates no growth by the strain. 
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Duplication/Deletion Rates 
The rates at which duplications and deletions, both of which are CNVs, of the reporter 
cassette in strains under conditions of high and low PO La were determined using a strain 
containing a native POLJ gene (AMC374) and a strain containing a manipulated GAL-POLJ 
gene (AMC376). Duplications and deletions were determined as shown in Figure 7. 
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Figure 7. Reporter Cassette CNVs. Each strain was plated onto high Cu/FA, YPR+HG, and 
YPR+HG+Nat plates. Any colonies that grew on the high Cu/FA plates indicate a reporter 
cassette duplication. Colonies of the YPR+HG+Nat plates were replica plated onto low Cu/FA 
plates. Any colonies that did not grow on the low Cu/FA plates indicate a reporter cassette 
deletion. The blue circled colony shows what a colony that experienced a reporter cassette 
duplication appears as when grown on high Cu/FA plates, as it shows sufficient growth. The red 
circled colony shows what a colony that experienced a reporter cassette deletion appears as when 
replica plated to low Cu/FA plates, as it did not sufficiently grow and appears to have been lost 
on the low Cu/FA plate though it was present on the YPR+HG+Nat plate. 
All colonies of the AMC374 strain grew on the SR+HG-Trp and SR+HG-Ura plates; similarly, 
all colonies of AMC374 with an exception of 1-2 grew on the SR+HG-Trp and SR+HG-Ura 
plates. Any colonies that did not grow on the SR+HG-Ura plates were not further analyzed as 
this indicates a total loss of the right arm of the chromosome containing the YAC. The strain 
containing the native POLJ gene (AMC374) displayed a higher average number of reporter 
cassette deletions than duplications. Additionally, AMC374 displayed a lower average number of 
reporter cassette deletions than the GAL-POLJ strain (AMC346). The average number of 
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deletions were equal between the two strains. The expression of the POLI gene of AMC374 was 
not induced while the expression of the GAL-POL I  gene of AMC376 was decreased due to the 
low level of galactose in the medium. These results are presented in Table 7. 
Table 7. Duplication/Deletio11 Rates. Strains containing differing POLa gene types were tested 
on SR+HG media oflow Cu/FA (100 µM copper+l .2 mM formaldehyde) and of high Cu/FA 
(250 µM copper+3.6 mM formaldehyde) concentrations. Colonies that do not grow on the low 
Cu/FA plate have likely experienced a deletion of their reporter cassette while colonies that grow 
on the high Cu/FA plate have likely experienced a duplication of their reporter cassette. 
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AMC374 Native POLI 7 3 
AMC376 GAL-POLI 7 1 1  
Reporter Cassette Location Fluctuation Analysis 
Using the data collected from determining the frequency of duplications and deletions of 
the reporter cassette at each of the three locations, the mutation rate of each strain was found 
using the online bz rates program (Hamon and Ycart, 2012). 
The frequency of duplications and deletions of the reporter cassette at three different 
locations in the FRA3B fragile site of multiple haploid strains were analyzed. These locations 
differ in their proximity to an AT-rich area. Additionally, the strains differ in their POLa gene. 
For each location, a strain containing the native POLI gene and a second strain containing the 
GAL-POLI gene was tested. The highest duplication mutation rates were observed in GAL­
POLI strains and the overall highest rate was observed at site C, while the highest deletion 
mutation rates were observed in GAL-POLI strains and the overall highest rate was observed at 
22 
site B .  Duplication mutation rates for each strain are presented in Figure 8 and deletion mutation 
rates in Figure 9. 
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Figure 8. Reporter Cassette Duplication Mutation Rates. The average reporter cassette 
duplications of each strain cultured under medium galactose conditions are compared. Strains 
AMC 477, AMC 488 , and Y862 contain the native POLI gene while strains AMC 496, AMC513, 
and Y88 4 contain the manipulated GAL-POLI gene. 
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Figure 9. Reporter Cassette Deletion Mutation Rates. The average reporter cassette deletions of 
each strain cultured under medium galactose conditions are compared. Strains AMC477, 
AMC488, and Y862 contain the native POLI gene while strains AMC496, AMC513,  and Y884 
contain the manipulated GAL-POLI gene. 
At each location site, the impact of polymerase expression on duplication and deletion 
rates under a medium galactose level were determined. When grown in medium galactose, the 
GAL-POLJ gene will be expressed at a level similar to that of the wild-type POLI gene. 
AMC477, a native POLI gene strain, and AMC496, a GAL-POLJ gene strain, contain the 
reporter cassette in location site A. Duplications were observed in AMC496 at an average rate of 
1 .346x 1 0·3 duplications/cell division while no duplications were observed in AMC4 77. Deletions 
were observed in both strains at very similar rates, with a slightly higher average rate of deletions 
seen in AMC496 at a rate of 6.032x 1 0·3 deletions/cell division compared to the average deletion 
rate of AMC477 of 5.325xt o·3 deletions/cell division. The strains underwent a similar average 
number ofreproductive cycles at 9.195 cycles for AMC477 and 8.760 cycles for AMC496. 
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Site B of the reporter cassette was analyzed in the native POLI-containing AMC488 
strain and GAL-POLI-containing AMCS 13 strain . Duplications were not observed in AMC488 
but were observed in AMC 513 at an average rate of l .934x10-3 duplications/cell division. 
Deletions occurred in both strains, with an average rate of l .8 77x l  o-3 deletions/cell division in 
AMC488 and at a significantly higher average rate of l .265x 10·2 deletions/cell division in 
AMC 513. The strains underwent a similar average number of reproductive cycles of 9.780 
cycles for AMC488 and 9. 000 cycles for AMC 513. 
Strain Y862, containing the native POLI gene, and Y884, containing the GAL-POLI 
gene, contained the reporter cassette in the Y AC at site C .  Duplications were observed at an 
average rate of 1 .824x I 0-3 duplications/cell division in Y862, while a much higher average rate 
of 5.533x l 0·2 duplications/cell division were observed in Y884. Neither strain showed a high 
average deletion mutation rate . Deletions were observed at an average rate of 1 .800x I 04 
deletions/cell division in Y862 and an average rate of 3.750xl 04 deletions/cell division in Y884. 
The strains underwent a different average number of reproductive cycles at 5. 920 cycles for 
Y862 and 3.670 cycles for Y884. 
No reporter cassette duplications or deletions were seen in any of the strains when 
cultured in high galactose media. This supports the idea that CNVs often occur when the yeast 
strain is placed under replication stress. 
Discussion 
Copper and Formaldehyde Tolerances 
In this experiment, it was found that strains lacking a reporter cassette (AMC370 and 
Y744) were only able to grow on copper concentration media of 75 µM and formaldehyde 
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concentration media lower than 1.0 mM. Strains with one or more reporter cassette (AMC376 
and Y849) were able to grow on media with copper concentrations up to 100 µM and media with 
fonnaldehyde concentrations up to 1.0 mM. Strains containing two or more reporter cassettes 
(Y901 and Y884) were able to grow on media containing copper concentrations of up to 200 µM 
and media containing formaldehyde concentrations up to 2.5 mM. These concepts are outlined in 
Table 8. 
Table 8. Reporter Cassette Copper and Formaldehyde Limits. The limits of copper and 
formaldehyde concentrations that strains containing 0, 1, and 2 reporter cassettes can tolerate 
determined by the copper and formaldehyde limit experiment are shown. 
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0 75 µM < 1.0 mM 
1 l 00 mM 1.0 mM 
2 200 mM 2.5 mM 
The lower limit of copper and formaldehyde tolerance was determined to be 100 µM 
copper and 1.2 mM formaldehyde, as this was the concentration media that allowed all strains 
containing at least one reporter cassette to grow while preventing growth in strains that did not 
contain at least one reporter cassette. The upper limit of copper and formaldehyde tolerance was 
determined to be 225 µM copper and 3.0 mM formaldehyde, as this was the highest 
concentration media that a strain containing two or more reporter cassettes could grow on while 
preventing growth in strains containing less than two reporter cassettes. Based on these limits, it 
was expected that in the following experiments, cells with one copy of the cassette would grow 
on the 100 µM copper+ 1.2 mM formaldehyde media, but not on the 225 µ M  copper+ 3 .0 mM 
formaldehyde media, while cells with two or more copies of the cassette were expected to grow 
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on both copper and fonnaldehyde media due to having multiple copies of the Cu/FA reporter 
cassette and therefore a higher tolerance . Cells that experience a deletion and lose their copy of 
the cassette were not expected to grow on either copper or fonnaldehyde media due to losing the 
Cu/FA reporter cassette and therefore the tolerance genes. Any strain that did not grow on the 
YPR+HG control plate was thought to be impacted by another variable outside of the study and 
was not used in the collected data. This system is valuable for future studies as it provides 
opportunities for comparisons between discovered limits of copper and fonnaldehyde among 
varying numbers of reporter cassettes in a strain and offers opportunities to study other variables 
that may have impacted this study, such as a loss of the total Y AC, which is not considered a 
CNV. 
Duplication/Deletion Rates 
The Cu/FA reporter cassette is located on the YAC ann with the URA3 gene. Only yeast 
colonies that grew on media lacking uracil were further analyzed to detennine the number of 
copies of the reporter cassette. Two types of Cu/FA plates were used to estimate how many 
copies of the reporter cassette were present. The lower Cu/FA concentration plate revealed which 
strains had at least one copy of the reporter cassette. Those strains that did not grow on the lower 
concentration plate lost their reporter cassette by CNV and therefore their tolerance for copper 
and fonnaldehyde. The higher Cu/FA concentration plate revealed which strains had experienced 
a duplication and contained two or more copies of the reporter cassette. Strains with only one 
copy of the reporter cassette were not expected to have enough tolerance to withstand the higher 
copper and fonnaldehyde concentrations, thus only leaving the strains with two or more copies 
of the reporter cassette and a higher tolerance present. Cells that experienced a deletion and lost 
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the cassette did not grow on either media. The YPR+HG plate served as a control to ensure the 
growth (or lack thereof) of the colonies as a result of the plate modifications . 
The AMC376 strain containing the GAL-POL] gene displayed a higher average number 
of reporter cassette duplications than deletions , as well as a higher average number of reporter 
cassette duplications than the AMC344 strain containing the nativePOLJ gene . The average 
number of deletions between the two strains were equal . These results suggest that the strains 
containing a native POLJ gene are expected to experience less CNV formation when placed 
under replication stress (low galactose) than strains containing the GAL-POLJ gene . These 
findings support what was expected and hypothesized , as expression of the native POLJ gene is 
not affected by the amount of galactose in the media and therefore POLJ gene expression will 
not be induced , while the GAL-POLJ gene would be induced and therefore allow for the 
formation of CNVs . These results also indicate that duplications may be experienced more often 
than deletions , aligning with the results of other studies (Zhang et al., 2013; Wilson et al . ,  2015). 
Reporter Cassette location Fluctuation Analysis From the data collected in discovering the frequency of reporter cassette duplications and 
deletions at each location site, a fluctuation analysis was conducted using the online bz rates 
program (Hamon and Ycart , 2012) to analyze the CNV rates of each strain. The varying 
locations of the reporter cassette differ in their proximity to an AT-rich area of the FRA3B 
fragile site (Figure 2). Comparisons between these locations as well as between strains 
containing the POLJ and GAL-POLJ genes at each location were conducted. 
Strains containing the GAL-POLJ gene grown in medium galactose conditions showed 
much higher CNV mutation rates than those strains containing the native POLJ gene . When 
grown under conditions that lacked replication stress (high galactose media) ,  no duplications or 
28 
deletions were observed in any strains . This supports the idea that CNVs are often observed 
following replication stress in the strain . 
Overall, higher reporter cassette deletion mutation rates among all reporter cassette 
locations were observed than duplication mutation rates, both of which are CNV s. This finding 
contrasts the results of similar studies, in which it is found that duplications occur more 
frequency than deletions (Zhang et al ., 2013; Wilson et al. 2015). The highest duplication 
mutation rate was that ofY884, a GAL-POLJ strain containing the reporter cassette at location 
C, at an average rate of 5.533xl 0·2 duplications/cell division, while the highest deletion mutation 
rate was that of AMC 513, a GAL-POLJ strain containing the reporter cassette at location B, at an 
average rate of 1.265x 10·2 deletions/cell division. The duplication mutation rates at s ite A and 
site B were significantly lower than the duplication mutation rate at s ite C. Site A, located 
centromeric of the AT-rich region, displayed fairly high deletion mutation rates, while site C, 
located telomeric of the origin, showed very low deletion mutation rates . These results suggest 
that duplications are more likely to occur in a location further from the AT-rich region, such as to 
the right of the origin, while deletions are more likely to occur in a location closer to the AT-rich 
region and origin. Additionally, this proposes an idea that the mechanisms for duplications and 
deletions may be different rather than similar, as supported by other studies. In these studies, 
duplications were found to occur more often than deletions (Zhang et al ., 2013; Wilson et al., 
2015) ,  whereas this study found that deletions occur more than duplications . However, in all 
studies, these CNVs were found to occur at CFSs. 
These results supported our hypothesis that low levels of DNA polymerase alpha in yeast 
will result in CNV fonnation in fragile sites . CNV s were observed at a h igher rate in strains that 
were sensitive to the low levels of DNA polymerase alpha than in strains that lacked the 
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sensitivity. Our predictions were also supported as the rate of CNVs varied based on their 
proximity to A-T rich areas. Site B, located in between the AT-rich region and origin, and site A, 
located centromeric of the A-T rich region, experienced higher deletion rates than site C, located 
telomeric of the origin. In contrast, site C experienced higher duplication rates than site A and 
site B .  
Future Studies 
There is much that remains unknown about why CNVs arise. To improve our knowledge 
and further this research, the nature of CNV events can be further evaluated using CHEF gel 
electrophoresis and Southern blotting techniques. In focusing on a subset of cells with a change 
in the number of copies of the reporter cassette, more explanation for why these events occur can 
be discovered. Intact yeast chromosomes can be separated using CHEF gel electrophoresis to 
verify more infonnation about the CNVs predicted by this study . Southern blotting can then be 
used to detennine gross chromosomal changes (Casper et al., 2009) .  For example, if one copy of 
the cassette is gained as a result of a small internal amplification, Y AC size will likely not 
change very much and therefore will not be detectable on the CHEF gel . However, if gain is the 
result of a gross chromosomal change, the size of the Y AC may be significantly different and 
will likely be detectable on the CHEF gel. The Y AC can be identified on the CHEF by Southern 
blotting using a probe to the TRP 1 gene . This comparison example is visualized in Figure I 0. 
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Figure 10. Southern Blotting Result Possibilities. For comparison , lane 1 contains the Y AC control strain . If there were to be a small internal duplication such as in strain #1, the result would look similar to lane 2 ,  in which the strain is very similar in size to the control and the duplication is difficult to see. lfthere were to be a large internal duplication such as in strain #2 , the result would look similar to lane 3 ,  in which the size difference can be seen . If there were to be gross chromosomal rearrangement such as in strain #3 , the result would look similar to lane 4, in which the size difference is very apparent . 
Common fragile sites and CNVs are a normal part of the human chromosome. However, 
instability at these locations may contribute to the development of tumor formation and 
progression (Casper et al., 2 012). It is clear that instability at these fragile sites results in 
deletions , amplification , and translocation in the genome, however further studies on the 
particular moment CNVs form under replication stress and the other various impacts this has on 
replication and the genome would aid in our understanding of disease formation. 
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